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Low-angle X-ray diffraction patterns from plaice fin
muscle recorded on lines 2.1 and 16.1 at Daresbury
(Harford and Squire, 1992) have been stripped by
Richard Denny’s CCPI3 software (Denny, CCPI13
Newsletter. 1993; 1994) to give M.k, and intensity
values as in CCP4 format. The intensities that we
have modelled extend to a resolution of about 70 A
(Figure 1). Most of the observed intensity on the
low-angle layer-lines is from the myosin heads that
project from the surface of myosin filaments in a
roughly helical array (Harford and Squire, 1986).

The structure of these heads (myosin S1) has been
solved by Ivan Rayment and his colleagues
(Rayment er al, 1993), so the molecular shape is
known. We have modelled this shape as in Figure 2;
the detail is sufficient to give a transtorm indistin-
guishable from the full molecular transform at the
resolution involved in our studies. Without this sim-
plification of the head shape, our computers,
although very fast, would not have been able to carry
out searches and refinements in a reasonable time.
Computer programs have been set up to model the
observed intensities. The positions of the six non-
equivalent myosin heads in the unit cell of the struc-
ture were parameterised and optimisation of an R-
factor between observed and calculated intensities
was obtained by simulated annealing and downhill
simplex methods. The final model (Figure 3), using
56 observed independent intensities, gave an R-fac-
tor of about 3%.

Figure 1: (a) Low-angle X-ray diffraction pattern from plaice
fin muscle recorded on line 16.1 at the CCLRC Daresbury
Synchrotron Radiation Source using a multiwire detector; fibre
axis vertical, scale as in (g) which shows orders 1 to 6 of the
myosin axial repeat of 429 A. (b) to (g) Various stages in fitting
of the intensities in Figure | using the CCPI13 software pack-
ages FTOREC and LSQINT: (d) quadrant folded version of (a),
(¢) ‘nofit” pattern showing the positions and shapes of the mod-
elled peaks but not their relative intensities, (b) fitted back-
ground between the ‘nofit” peaks, (f) observed quadrant-folded
pattern (d) with the fitted background (b) removed, (g) mod-
elled intensities of the Bragg peaks, and (e) images (b) and (g)
added to simulate the whole original pattern for comparison
with (d).
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The sensitivity of the modelling was tested in a num-
ber of ways and it was found that the R-factor
increased very rapidly away from the preferred para-
meters. The preferred myosin head arrangement is
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Figure 2: Low-resolution model of the myosin head using 59
spheres all of 7.15 A radius. The Fourier transform of this
model was tested against the original Rayment diffraction data
and is indistinguishable (correlation function (0.9955) at a reso-
lution of 65 A.

Figure 3: The myosin head arrangement giving the lowest R-
factor (3%) after searches and optimisation using simulated
annealing and downhill simplex algorithms. Note that the head
arrangements on two levels are very similar, whereas that on
the third is slightly different. It is known that proteins such as
C-protein and titin have a 430 to 440 A repeat along the myosin
filament and these may be involved in producing this perturba-
tion.

probably accurate to a few A, even though only low-
angle data are being used. This is because a consid-
erable amount of high resolution knowledge about
the protein structure is being included in the model-
ling. For example, changes in tilt (towards the fila-
ment long axis), slew (around the filament long axis)
or rotation of the myosin heads about their own long
axis of £5° roughly doubled the R-factor.

The goodness of fit was also very dependent on the
absolute rotation of the filament around its long axis
within the muscle A-band unit cell. The relative posi-
tions of the myosin heads and actin filaments in rest-
ing fish muscle have therefore been defined. By
identifying the actin binding sites on the myosin
heads, the locations of these relative to actin can also
be determined. The result is shown in Figure 4.
which illustrates the fish muscle A-band unit cell

Figure 4: View of the fish muscle A-band unit cell looking
down the muscle long axis and showing the arrangement of
myosin heads around the two actin filaments. The actin-binding
sites on the heads are highlighted (green) and can be seen to be
facing the actin filaments (unit cell side is about 470 A).

Figure 5: Fourier difference map obtained by modelling two
structures, the preferred head arrangement in Figure 3 and the
same structure with one of the six non-equivalent heads moved
out of position. The Fourier difference synthesis from these two
structures at 70 A resolution clearly shows negative and posi-
tive density peaks related to the single head movement.



containing one myosin filament and two actin fila-
ments. The actin binding sites on the myosin heads
are very close to and facing their target binding sites
on the neighbouring actin filaments.

One of the postulated mechanisms for the generation
of force and movement in muscle is that once bound
to actin the myosin heads undergo an ATP-driven
change in their shape by bending about halfway
along their length to move the myosin end of the
head axially relative to the actin-bound end. The
potential for bending in the head was tested in the
relaxed state in our modelling by including two head
bend angles in the parameter search. The calculated
R-factor was also very sensitive to these two angles
and the best model had these head bend angles
almost precisely as in the original myosin S1 struc-
ture of Rayment er al (1993). This shape seems also
to be very close to the shape at the end of the power
stroke, assuming it is like the rigor state in muscle.
The relaxed structure is therefore already providing
considerable insights into the possible mechanism of
myosin head action.

The relaxed state diffraction pattern is the first frame
ol a time series of diffraction patterns at 5 ms time
resolution. The idea 1s to bootstrap our way through
this time series by modelling based on the first
frame. This will generate a series of images to pro-
duce “Muscle - The Movie” (Squire et al, 1993).
Fourier difference synthesis will be helpful in gener-
ating this movie. We have tested the potential of this
by modelling two structures, one our best relaxed
structure, as above, and the other the same structure
with just one of the six non-equivalent myosin heads
moved out of position. Even at 70 A resolution, the
movement of this one head is readily detectable by
Fourier difference synthesis (Figure 5).

These various results serve to illustrate a number of
important points with regard to what can be achieved
with low-angle diffraction data that has been proper-
ly stripped by appropriate software (e.g. the CCP13
package) and has been carefully modelled using pro-
“teins of known structure. We have previously pub-
lished analysis of actin filament structure using relat-
ed methods (AL-Khayat ef al, 1995), and the current
analysis of the myosin head array reinforces the view
that highly accurate modelling with positional sensi-
tivities of a few A can be achieved from low-resolu-
tion X-ray diffration data. Since techniques are
already available for carrying out time-resolved low-
angle X-ray diffraction experiments (e.g. Huxley et
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al, 1983; Harford and Squire, 1992; Irving et al,
1992: Bordas er al. 1993; Griffiths er al, 1993;
Martin-Fernandez et al, 1995 to name only a few),
the potential of this approach to show how molecular
assemblies actually work while they are carrying out
their normal functions in vive is enormous. The mus-
cle example illustrates a general principle that should
be exploited to the full.
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In a novel combination, synchrotron radiation small
angle X-ray scattering (SAXS) and Fourier
Transform infra-red spectroscopy (FT-IR) experi-
ments have been performed on a series of model seg-
mented polyurethanes [1]. This combination of tech-
niques is potentially a very powerful research tool,
not only for polymer research, but for a wide variety
of research fields including biological gel formation,
food processing and conformational changes in pro-
teins.

The major theme of the research group’s work is
studying the in-situ development of structure during
the processing of multiphase polymers, in particular
polyurethanes [1-6]. These materials are of great
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commercial utility combining unique mechanical
properties with ease of processing. Polyurethanes are
formed by the reaction between a diisocyanate, a
short chain diol and a macrodiol. The development
of polymer morphology is complex [1.4] and the
process can be best described as a reaction-induced
phase separation. The morphology formed is deter-
mined by the kinetic competition between polymer-
ization and microphase separation [5]

The experimental configuration, methods and chem-
ical systems studied are described in detail elsewhere
[1]. FT-IR spectroscopy is used to monitor the reac-
tion chemistry and SAXS is used to monitor the
development of polymer morphology on the
sizescale of 20-1000 A. Figure 1 shows the decay in
the isocyanate absorbance (which correlates with the
polymerization kinetics) and the growth in the car-
bonyl absorbances [1,6]. Figure 2 shows the SAXS
data, which indicate the development of polymer
structure with a length scale of =~ 118 A. Figure 3
shows the onset of microphase separation detected
by both SAXS and FT-IR. Microphase separation
precedes hydrogen bonding and is driven by the free
energy of mixing. This causes the groups that are
capable of hydrogen bonding to achieve a locally
high concentration and their rate of association
increases. The hydrogen bonding is thus parasitic
and not the driving force.
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Figure 1.
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(a) Absorbance versus frequency illustrating the decay in the intensity of the isocyanate absorbance
(= 2270 ¢m-!) at selected times for a model segmented block copolyurethane at 351 °C. (b)
Absorbance versus frequency illustrating the carbonyl region of the mid-infrared spectrum, at
selected time frames for the same model segmented block copolyurethane at 35+1 °C.
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Figure 3.

The SAXS relative invariant, Q' = | I(¢.1)¢2dq
and the normalised FT-IR absorbance
associated with hydrogen-bonded urethane are
plotted against time, for a model segmented
block copolyurethane investigated at 25+1 °C.
Tangents have been fitted to both data sets in
order to estimate the onset times for
microphase separation (1(‘)) and hydrogen
bonding (ty;). The values of t and t; are 431

and 47+1 minutes respectively. The prefect
time correlation between the two techniques
confirms unambiguously that microphase
separation precedes hydrogen bonding in the
reactive processing of this polyurethane block
copolymer .

Relative invariant, Q'

Figure 2.

The time evolution of the SAXS pattern is
illustrated as a time-stack of the scattered
intensity, /(¢.t). versus scattering vector, ¢g. The
data were recorded in frames of 60 s. For
clarity, only every fourth frame of data is
shown. Initially there is little scattering and the
peak that starts to grow at q = 0.053 A1 after =
40 minutes is evidence for the structural
development in the material with a linear
dimension of = 118 A.
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